Abstract: Metagenome-derived LC11-RNase H1 is a homolog of Sulfolobus tokodaii RNase H1 (Sto-RNase H1). It lacks a C-terminal tail, which is responsible for hyperstabilization of Sto-RNase H1. Sto-RNase H1 is characterized by its ability to cleave not only an RNA/DNA hybrid but also a double-stranded RNA (dsRNA). To examine whether LC11-RNase H1 also exhibits both RNase H and dsRNase activities, LC11-RNase H1 was overproduced in Escherichia coli, purified, and characterized. LC11-RNase H1 exhibited RNase H activity with similar metal ion preference, optimum pH, and cleavage mode of substrate with those of Sto-RNase H1. However, LC11-RNase H1 did not exhibit dsRNase activity at any condition examined. LC11-RNase H1 was less stable than Sto-RNases H1 and its derivative lacking the C-terminal tail (Sto-RNase H1DC6) by 37 and 13°C in T m , respectively. To understand the structural bases for these differences, the crystal structure of LC11-RNase H1 was determined at 1.4 Å resolution. The LC11-RNase H1 structure is highly similar to the Sto-RNase H1 structure. However, LC11-RNase H1 has two grooves on protein surface, one containing the active site and the other containing DNA-phosphate binding pocket, while Sto-RNase H1 has one groove containing the active site. In addition, LC11-RNase H1 contains more cavities and buried charged residues than Sto-RNase H1. We propose that LC11-RNase H1 does not exhibit dsRNase activity because dsRNA cannot fit to the two grooves on protein surface and that LC11-RNase H1 is less stable than Sto-RNase H1DC6 because of the increase in cavity volume and number of buried charged residues.
Introduction
RNase H is an endoribonuclease that specifically cleaves the RNA strand of RNA/DNA hybrids. 1 It hydrolyzes phosphodiester bonds of RNA to yield 3 0 -hydroxyl and 5 0 -phosphate groups with a two-metalion catalysis mechanism.
2 RNases H are classified immunodeficiency virus type-1 (HIV-1), as a C-terminal domain of reverse transcriptase (RT). 3 Retroviral RNase H activity is required for viral proliferation and is therefore regarded as one of the targets for AIDS chemotherapy. 11 RNase H also plays a crucial role in antisense therapy.
12
LC11-RNase H1 is one of the 12 RNases H1 enzymes (LC1 $ LC12-RNases H1) isolated from leaf-branch compost by a metagenomic approach. 13 It is a Sulfolobus tokodaii RNase H1 (Sto-RNase H1) homolog, which is phylogenetically different from bacterial RNases H1, eukaryotic RNases H1, and retroviral RNases H.
14 LC11-RNase H1 is the smallest RNase H enzyme with 140 amino acid residues (molecular mass of 15.6 kDa) so far examined and shows the amino acid sequence identity of 34% to Sto-RNase H1. It lacks a C-terminal tail, which is not important for enzymatic function but is responsible for hyperstabilization of Sto-RNase H1. 15 StoRNase H1 is unique in that it can cleave not only the RNA strand of an RNA/DNA hybrid but also the RNA strand of a double-stranded RNA (dsRNA). 14 None of other RNases H, except for some retroviral RNases H, cleave dsRNA. Therefore, it would be informative to examine whether LC11-RNase H1 exhibits dsRNA-dependent RNase (dsRNase) activity.
In this report, we overproduced LC11-RNase H1 in Escherichia coli (E. coli), purified, and compared its activity, stability, and structure with those of StoRNase H1. Unlike Sto-RNase H1, LC11-RNase H1 did not exhibit dsRNase activity. LC11-RNase H1 was less stable than Sto-RNase H1 by 37 C in T m . We discuss the structural features for these differences.
Results and Discussion

Overproduction and purification
We used the rnhA/rnhB double mutant strain E. coli MIC2067(DE3) as a host strain for overproduction of LC11-RNase H1 to avoid contamination of hostderived RNases H (RNases H1 and H2). Upon induction for overproduction, the recombinant protein accumulated in the cells in a soluble form. It was purified to give a single band on SDS-PAGE (data not shown). The amount of the protein purified from 1 L of culture was $10 mg. The molecular mass of LC11-RNase H1 was estimated to be 16 kDa by SDS-PAGE and 18 kDa by gel filtration column chromatography. Both values are comparable to that calculated from the amino acid sequence (15.6 kDa), indicating that LC11-RNase H1 exists in a monomeric form, like other RNases H1.
Enzymatic activity
The dependencies of the LC11-RNase H1 activity on pH, salt, and metal ion were analyzed at 37 C by changing one of the conditions used for assay [10 mM Tris-HCl (pH 8.5), 10 mM NaCl, and 10 mM
MgCl 2 ]. The M13 DNA/RNA was used as a substrate. The enzymatic activity was determined at this temperature (37 C), which would be lower than the optimum one, because no substrates used in this study are fully stable at !50 C. When the enzymatic activity was determined over the pH range of 4-11, LC11-RNase H1 exhibited the highest activity at pH 10 ( Fig. S1 in the Supporting Information). However, the RNase H activity was determined at pH 8.5, at which LC11-RNase H1 exhibits $80% of the maximal enzymatic activity, because the stability of the substrate and the solubility of the metal cofactor decrease as the pH increases beyond 9.0.
When the enzymatic activity was determined at various concentrations of NaCl, LC11-RNase H1 exhibited the highest activity in the presence of 10 mM NaCl (data not shown). Its activity gradually decreased as the salt concentration increased. As a result, LC11-RNase H1 exhibited 50 and 10% of the maximal activity in the presence of 0.4 and 1M NaCl, respectively. A similar result was obtained when KCl was used as a salt (data not shown).
When the enzymatic activity was determined in the presence of various concentrations of MgCl 2 , LC11-RNase H1 exhibited the highest activity at 10 mM MgCl 2 ( Fig. S2 in Cleavage of the R12/D12 substrate with LC11-RNase H1 and Sto-RNase H1 is summarized in Figure 1 . Both proteins cleaved this substrate at multiple sites, but with different cleavage-site specificities. LC11-RNase H1 cleaved this substrate most preferably at a6-u7 and a9-c10 in the presence of 10 mM MgCl 2 and nearly equally at all sites between g5 and g12 in the presence of 10 mM MnCl 2 , whereas Sto-RNase HI cleaved this substrate at all sites between a4 and g12, most preferably at g5-a6, in the presence of 10 mM MgCl 2 and most preferably at a4-g5 and less preferably at g3-a4, u7-g8, c10-g11, and g11-g12 in the presence of 10 mM MnCl 2 .
Cleavage of the R9-D9/D18 substrate with LC11-RNase H1 and Sto-RNase H1 in the presence of 10 mM MgCl 2 is summarized in Figure 2 . Both proteins cleaved this substrate at multiple sites, but with different cleavage-site specificities. LC11-RNase H1 preferably cleaved this substrate at three sites (a5-u6, u6-g7, and g7-c8) with similar efficiencies, whereas Sto-RNase H1 preferably cleaved this substrate at five sites with different efficiencies (most preferably at a5-u6 and u6-g7 and less preferably at g7-c8, c8-c9, and c9-T10). This result is consistent with the previous one that Sto-RNase H1 can cleave the (5 0 )RNA-DNA(3 0 ) junction of the Okazaki fragment-like substrate.
14 The cleavage-site specificities of both proteins for this substrate were not seriously changed in the presence of 10 mM MnCl 2 (data not shown). These results indicate that LC11- RNase H1 cannot cleave the (5 0 )RNA-DNA(3 0 ) junction. It is noted that Sto-RNase H1 can cleave the (5 0 )RNA-DNA(3 0 ) junction, but very poorly even after extensive hydrolysis, suggesting that its RNase H activity is not sufficient for complete removal of RNA from Okazaki fragment in vivo.
Cleavage of the R12/R12 substrate with LC11-RNase H1 and Sto-RNase H1 in the presence of 10 mM MnCl 2 is summarized in Figure 3 . Sto-RNase H1 cleaved this substrate at all sites between g5 and g12, most preferably at a9-c10, as reported previously, 14 whereas LC11-RNase H1 did not cleave this substrate. Neither LC11-RNase H1 nor Sto-RNase H1 cleaved this substrate in the presence of 10 mM MgCl 2 (data not shown). These results indicate that, unlike Sto-RNase H1, LC11-RNase H1 does not have an ability to cleave double-stranded (ds) RNA. Both LC11-RNase H1 and Sto-RNase H1 did not cleave D15-R1-D13/D29, 29 b RNA, and 29 b DNA either in the presence of 10 mM MgCl 2 or MnCl 2 , indicating that both proteins do not have an ability to cleave dsDNA, single ribonucleotide-embedded dsDNA, single-stranded (ss) RNA, and ssDNA.
Thermal stability
Heat-induced unfolding of LC11-RNase H1, StoRNase H1, and the Sto-RNase H1 derivative lacking the C-terminal six-residue tail (Sto-RNase H1DC6) was analyzed by differential scanning calorimetry (DSC) at pH 3.0. All DSC curves were reproduced by repeating thermal scans, indicating that thermal unfolding of these proteins is reversible. The denaturation curves of all proteins showed single transitions (Fig. 4) . The peak of this curve represents the melting temperature (T m ) of the protein, which was 64 C for LC11 RNase H1, 101 C for Sto-RNase H1, and 77 C for Sto-RNase H1DC6. The T m values of StoRNase H1 and Sto-RNase H1DC6 are identical with those previously reported. 15 Thus, LC11-RNase H1 is less stable than Sto-RNase H1 and Sto-RNase H1DC6 by 37 C and 13 C in T m , respectively. These results indicate that destabilization by removal of the C-terminal tail accounts for two thirds of the difference in T m between LC11-RNase H1 and Sto-RNase H1.
Crystal structure
The crystal structure of LC11-RNase H1 was determined at a resolution of 1.4 Å . The asymmetric unit of the crystal structure consists of four-protein molecule (A-D). The structures of these four protein molecules are virtually identical with one another with root-meansquare deviation (RMSD) values of 1.00 Å between molecules A and D, 1.04 Å between molecules B and D, and 0.50 Å between molecules C and D for 137 Ca atoms. We used the structure of molecule D in this study.
The overall structure of LC11-RNase H1 consists of a five-stranded mixed b-sheet with three antiparallel (b1-b3) and two parallel (b4 and b5) strands and four a-helices (aA, aB, aD, and aE) [ Fig.  5(A,B) ]. This structure is highly similar to that of Sto-RNase H1 15 with the RMSD value of 1.49 Å for 126 Ca atoms [ Fig. 5(A,B) ]. However, this structure lacks a C-terminal tail, which is responsible for hyperstabilization of Sto-RNase H1. 15 In addition, several loops, especially that between b3-strand and aA-helix vary in size for these proteins. The amino acid sequence of LC11-RNase H1 is compared with those of Sto-RNase H1, Bh-RNase H1, HIV-1 RNase H, Hs-RNase H1, and Ec-RNase H1 on the bases of their crystal structures in Figure 6 . The sequence of LC11-RNase H1 is 34% identical to Sto-RNase H1, 16% identical to Bacillus halodurans RNase H1 (Bh-RNase H1), 22% identical to HIV-1 RNase H, 24% identical to human (Homo sapiens) . The RNA and DNA strands of RNA/DNA hybrid are shown in magenta and cyan, respectively. The DNA phosphate group located two-base pairs away from the scissile bond is shown in yellow. The highly negatively charged region represents the active site. E: The structures around the DNA binding grooves containing the phosphate binding pockets. A model of the LC11-RNase H1-substrate complex, the structure of the Bh-RNase H1-substrate complex, and a model of the Sto-RNase H1-substrate complex are shown, where LC11-RNase H1, Bh-RNase H1, and Sto-RNase H1 are colored gray, orange, and salmon, respectively. F: Stereoview of the core structure of LC11-RNase H1 superimposed on that of Sto-RNase H1DC6 (PDB code 3ALY). The amino acid residues located at the hydrophobic cores of LC11-RNase H1 (green) and Sto-RNase H1DC6 (salmon) are shown by stick models.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] RNase H1 (Hs-RNase H), and 26% identical to E. coli RNase H1 (Ec-RNase H1).
Catalytic center
The four acidic residues, Asp9, Glu49, Asp77, and Asp128, form the active site of LC11-RNase H1. The corresponding residues are Asp7, Glu52, Asp76, and Asp125 for Sto-RNase H1, and Asp71, Glu109, Asp132, and Asp192 for Bh-RNase H1. Superimposition of the active-site structures of LC11-RNase H1 and Sto-RNase H1 on the cocrystal structure of Bh-RNase H1 with the substrate and metal cofactor 16 indicates that the steric configuration of the active-site residues of LC11-RNase HI is very similar to those of Sto-RNase H1 and BhRNase H1 [ Fig. 5(C) ]. Therefore, these four acidic residues of LC11-RNase H1 probably form the metal binding sites A and B, as seen in the cocrystal structure of Bh-RNase H1. In addition, Arg121 of LC11-RNase H1 is located at the similar position where Arg118 of StoRNase H1 and Glu188 of Bh-RNase H1 are located [ Fig.  5(C) ]. This residue robably promotes a product release by perturbing the coordination of the metal ion A, as proposed for Glu188 of Bh-RNase H1. 16 
Substrate binding grooves on protein surface
According to the cocrystal structures of Bh-RNase H1 16 and Hs-RNase H1 17 with the RNA/DNA substrate, these enzymes bind to the minor groove of the substrate by two grooves on protein surface, such that one groove containing the active site interacts with the RNA backbone and the other groove containing the phosphate-binding pocket interacts with the DNA backbone. Hs-RNase H1 has a DNA binding channel in the basic protrusion in addition to these grooves. dsRNA may not fit to these grooves and channel on protein surface because of its widegroove A-form conformation, and therefore may not be recognized as a substrate by Bh-RNase H1 and Hs-RNase H1. This may be the reason why these enzymes cannot cleave dsRNA.
To examine whether LC11-RNase H1 also has these grooves on protein surface, a model for the complex between LC11-RNase H1 and the substrate (12 bp RNA/DNA hybrid) was constructed based on the cocrystal structure of Bh-RNase H1 with the substrate [ Fig. 5(D,E) ]. According to this model, RNA and DNA binding grooves are present on the surface of LC11-RNase H1. Lys92 and Glu93 apparently form humps, which separate inside and outside of the DNA-binding groove. These humps may interfere with the binding of LC11-RNase H1 to dsRNA. A similar DNA binding groove is present on the surface of Bh-RNase H1 [ Fig. 5(E) ]. Lys146 and Thr148 form humps as Lys92 and Glu93 of LC11-RNase H1 do. However, according to a model for the Sto-RNase H1-substrate complex, a DNA-binding groove is not clearly detected on protein surface [ Fig. 5(E) ]. Lys92 of LC11-RNase H1 and Lys146 of Bh-RNase H1 are conserved as Lys91 in Sto-RNase H1. However, this residue does not form a clear hump to separate inside and outside of the DNA-binding groove. HIV-1 RNase H also does not have this DNA-binding groove (data not shown). These results suggest that Sto-RNase H1 and HIV-1 RNase H can cleave dsRNA because they do not have a sharply-defined DNA-binding groove and therefore can accommodate dsRNA. However, it has been reported that the mutation of Lys91 of Sto-RNase HI to Ala significantly reduces the dsRNase activity without seriously affecting the RNase H activity. 15 This result suggests that electrostatic interactions are responsible for efficient binding of Sto-RNase H1 to dsRNA. We propose that only the RNase H or RNase H-fold containing proteins, which do not have a clear DNA binding groove but have positively charged residues near the DNA binding site, can cleave dsRNA. It is noted that the structure of LC11-RNase H1 is highly similar to that of a PIWI domain of Argonaute, a key catalytic component of the RNAinduced silencing complex. 18, 19 According to the crystal structure of the complex between Thermus thermophilus Argonaute and a substrate, 18 and a model for it between Neurospora crassa QDE-2 MID-PIWI lobe and a substrate, 19 the PIWI domains of these Argonautes also do not have a clear binding groove for the guide strand and have positively charged residues at the guide strand binding site.
Structural features for the difference in stability between LC11-RNase H1 and Sto-RNase H1
Comparison of the crystal structure of LC11-RNase H1 with that of Sto-RNase H1DC6 20 indicates that the number of buried nonpolar residues and the number of ion pairs of LC11-RNase H1 are comparable to those of Sto-RNase H1DC6, while the number of buried charged residues and the total volume of cavities of LC11-RNase H1 are higher than those of Sto-RNase H1DC6 (Table I) . These results suggest that LC11-RNase H1 is destabilized as compared to Sto-RNase H1 not only by removal of the C-terminal anchoring tail but also by increasing the cavity volume and the number of buried charged residues. It has been reported that increased cavity volume 21, 22 and burial of non-hydrogen-bonded polar or charged groups 23 contribute to protein instability.
The difference in the cavity volume at the hydrophobic core between LC11-RNase H1 and StoRNase H1DC6 is shown in Figure 5 (F) as a typical example. Calculation of the cavity volume using the program CASTp 24 indicates that two cavities exist around Thr8 and Val74 of LC11-RNase H1.The total volume of these cavities is 158 Å 3 . These cavities do not exist in the hydrophobic core of Sto-RNase H1DC6, because these cavities are filled by the amino acid substitutions from Thr8 to Phe6, Ile81 to Val80, Leu57 to Met60, and Val74 to Ile73.
Materials and Methods
Cells and plasmids Sto-RNase H1DC6, respectively, were previously constructed in our laboratory. Plasmid pET25b was obtained from Novagen.
Plasmid construction, overproduction, and purification
Plasmid pET-LC11 for overproduction of LC11-RNase H1 was constructed by amplifying the gene encoding LC11-RNase H1 by PCR and ligating it into the NdeI-BamHI sites of pET25b. Plasmid pBR322-LC11 was used as a template. All DNA oligomers for PCR were synthesized by Hokkaido System Science. PCR was performed with a GeneAmp PCR system 2400 (Applied Biosystems). The DNA sequences were confirmed by a Prism 310 DNA sequencer (Applied Biosystems). Overproduction of LC11-RNase H1 using E. coli MIC2067(DE3) transformants with pET-LC11, disruption of the cells by sonication lysis, and centrifugation were performed as described previously. 26 The supernatant was collected, dialyzed against 10 mM sodium phosphate (pH 7.0), and applied to a column (5 mL) of DE52 (GE Healthcare) equilibrated with the same buffer. The protein was eluted from the column with a linear gradient of NaCl from 0 to 1M. The fractions containing the protein were collected, dialyzed against 20 mM Tris-HCl (pH 9.0), and loaded onto a HiTrap Q column (GE Healthcare) equilibrated with the same buffer. The protein was eluted from the column with a linear gradient of NaCl from 0 to 1M. The fractions containing the protein were collected, dialyzed against 20 mM TrisHCl (pH 7.5) containing 50 mM NaCl, and loaded onto the Superdex 200 column (GE Healthcare) equilibrated with the same buffer. The fractions containing the protein were collected and dialyzed against 10 mM Tris-HCl (pH 7.5). Overproduction of Sto-RNase H1 and Sto-RNase H1DC6 using E. coli MIC2067(DE3) transformants with pET-Sto and its derivatives and purification of these proteins were performed as described previously. 25 The purity of the protein was analyzed by SDS/ PAGE on a 15% polyacrylamide gel, 27 
Enzymatic activity
The RNase H activity was determined by measuring the amount of the acid-soluble digestion product from the substrate, 3 H-labeled M13 DNA/RNA hybrid, accumulated upon incubation at 37 C for 15 min, as described previously. 26 The buffer used for assay was 10 mM Tris-HCl (pH 8.5) containing 10 mM MgCl 2 , 10 mM NaCl, 1 mM 2-mercaptoethanol, and 50 lg mL 0 -fluorescein-labeled 18 bp RNA 9 -DNA 9 /DNA duplex (R9-D9/D18) were prepared as described previously. 26 Hydrolysis of the substrate at 37 C for 15 min and separation of the products on a 20% polyacrylamide gel containing 7M urea were carried out as described previously. 26 The products were detected by Typhoon 9240 Imager (GE Healthcare). The reaction buffers were the same as those for the hydrolysis of the M13 DNA/ RNA hybrid. The products were identified by comparing their migration on the gel.
Differential scanning calorimetry (DSC)
The DSC measurement was performed on a high sensitivity VP-DSC and controlled by the VPVIEWERTM software package (Microcal) at scan rate of 1 C min
À1
. The proteins were dissolved in 20 mM Gly-HCl (pH 3.0) at a concentration of $0.5 mg mL À1 . Before performing the measurement, the proteins were degassed in a vacuum for 5 min.
Crystallization
The crystallization conditions were initially screened using crystallization kits from Hampton Research (Crystal Screens I and II) and Emerald Biostructures (Wizard I and II). The conditions were surveyed using sitting-drop vapor-diffusion method at 4 C. Drops were prepared by mixing 1 lL each of protein solution and reservoir solution and were vapor-equilibrated against 100 lL reservoir solution. Native LC11-RNase H1 crystals appeared after 3 weeks using Wizard I solution No. 20 (0.1M imidazole pH 8, 0.2M NaCl, 0.4M NaH 2 PO 4 , and 1.6M K 2 HPO 4 ). The crystallization conditions were further optimized and a few crystals appeared when the drop was prepared by mixing 1.5 lL protein solution at the concentration of 10 mg mL À1 and 1.5 lL reservoir solution at 4 C. Despite the same crystallization conditions, only three crystals were obtained from 48 crystallization wells.
X-ray diffraction data collection and structure determination X-ray diffraction data set of LC11-RNase H1 was collected at À173 C using synchrotron radiation on the BL44XU station at SPring-8 (Hyogo, Japan). All data sets were indexed, integrated, and scaled using the HKL2000 program suite. 29 The structure was solved by the molecular replacement method using MOLREP 30 in the CCP4 program suite. The crystal structure of RNase H1 from Chlorobium tepidum (Protein Data Bank entry 3H08) was used as a starting a Values in parentheses are for the highest resolution shell. b R merge ¼ P jI hkl À < I hkl > j= P I hkl , where I hkl is the intensity measurement for reflection with indices hkl and < I hkl > is the mean intensity for multiply recorded reflections.
model. The statistics for data collection and refinement are summarized in Table II . The figures were prepared by PyMol (http://www.pymol.org/).
Accession number
The coordinates and structure factors for LC11-RNase H1 have been deposited in the Protein Data Bank under accession codes 3U3G.
